Abstract: This article considers the effects of non-linearity in the dynamic properties of a journal bearing and presents a method of constructing the calculations needed in the identification of a non-linear dynamic model of the oil film. The new calculation method, together with its background and development is described and illustrated. The method uses frequency-domain descriptions of the test waveforms and accommodates any reasonable oil film model. It can also be used to predict the orbits. It has been applied to both theoretical and experimental results, and a robust procedure based on the new calculation method for the extraction of higher-order dynamic oil film coefficients is proposed and described.
INTRODUCTION
It is conventional to describe the dynamic properties of a journal bearing in terms of eight first-order coefficients in a linear model. If linearity is assumed, it is found that the two suitable tests with different lowlevel excitations will give a result; many methods have been reported and reviewed [1] [2] [3] [4] [5] . It is widely known that the relationships between the dynamic forces and the dynamic displacements are not linear, except at small perturbations, and a continuing problem has been how to interpret the 'small' perturbations. Most of the existing works lack validation of the assumption of linearity. The range of validity (maximum orbit size for which the model makes acceptable predictions) of a conventional linear model is surprisingly restricted and depends on the orbit shape [6] and the test frequency, as well as the design and running conditions of the bearing. A greater range of validity may be obtained by the use of a more complete oil film model with a greater number of terms that can better describe the dynamic properties.
This article considers the effects of non-linearity and presents a new method of constructing the calculations needed to deal with a higher-order dynamic oil film model. It describes applications of this method to the existing theoretical and experimental results, and proposes a methodology for the experimental identification of a higher-order dynamic oil film model.
HIGHER-ORDER DYNAMIC OIL FILM MODELS
It is usual to set up a model in the following form.
1. Fx = f 1 (x, y,ẋ,ẏ, and all powers and combinations of terms up to the required order of the model). 2. Fy = f 2 (x, y,ẋ,ẏ, and all powers and combinations of terms up to the required order of the model).
It is important to note that the force is expressed as a function of a power series of the displacement, rather than the other way round. However, in dynamic tests, it is conventional to provide excitation by specified forces, rather than by specified displacements. This complicates the matters considerably, as can be noted later. In the force equations where the higherorder terms are included, the force coefficients have an extended nomenclature. The first descriptor shows the line of action of the force, the remaining descriptor(s) show the displacements and/or velocities causing the force to be generated. They can be one or more of x, y,ẋ,ẏ.
A first-order (linear) coefficient uses one of the parameters at a time. An example is Axẏ that defines a coefficient, which describes a force in the x direction proportional to the velocity in the y direction. There are four first-order Ax force coefficients and four first-order Ay force coefficients, the familiar eight coefficients.A second-order coefficient uses two of these parameters multiplied together. An example is Axyẏ, describing a force in the x direction arising from the product of y andẏ. A second-order model will contain eight first-order coefficients, eight coefficients in which the parameters are squared (sometimes called the direct terms), and 12 coefficients in which different parameters are multiplied together. This gives 28 coefficients.
This 'above the line' notation has been adopted instead of the normal use of subscripts since it allows the characters to be more easily read, where the parameter is raised to a power as well as the dot to indicate differentiation with respect to time (velocity) is given. An example is Axẏ 2 . For consistency, the same notation has been adopted for the linear coefficients as well. The subscripts are only used when no confusion is expected.
The oil film models that might be useful are:
(a) the conventional first-order (linear) model with eight coefficients; (b) a model containing the first-order terms and the second-order direct terms, giving 16 coefficients; (c) a model containing the first-order terms, the second-order direct terms, and the third-order direct terms, giving 24 coefficients; (d) a model containing the first-order terms and the second-order terms, giving 28 coefficients; (e) a model containing the first-order terms, the second-order terms, and the third-order direct terms, giving 36 coefficients. The equations for this model are shown in section 4.
All these abovementioned higher-order models have been described in the literature [7] [8] [9] . Even higher-order models are possible, but have not been used presumably because of the size of the resulting model and the amount of information needed to identify all the coefficients. A full third-order model contains 68 coefficients; a full fourth-order model contains 138 coefficients. It is evident that the smallest possible model that gives the required range of validity should be used. In many applications, a linear model suffices.
IDENTIFICATION OF A HIGHER-ORDER DYNAMIC OIL FILM MODEL
Since there is very little experience/information currently available, there seems to be some merit in considering the basic issues afresh. It seems that there are three issues of particular importance. The first is the form of the mathematical model, the second is the experimental results needed to provide sufficient information for its identification, and the third is the calculation method. There seems to be no current alternative for the representation of the oil film forces by higherorder equations relating the forces to the displacements/velocities. The order of the model will depend on the range of validity required, but at present it is only possible to establish the range of validity of the model after it has been identified. It is, therefore, necessary to assume a model without knowing whether it has an appropriate range of validity.
The complexity and scope of experimental results required depend on the oil film model to be identified. To identify the higher-order terms satisfactorily, the excitation levels must be high enough to excite these terms to give a measurable response, but equally must not lie outside the range of validity of the model. Initially, this is not known. At least some of the test signals are non-sinusoidal, reflecting the effect of the higherorder terms, and it is important that the signals are characterized accurately. This seems to suggest that the test excitations should be repetitive, and the results are averaged over many cycles to reduce the effects of system noise. This in turn suggests that the most appropriate representation of the signals is in the frequency domain. At the beginning of an investigation into non-linearity, it is not known how many results are needed, or what appropriate excitation-conditions are needed for the various tests. Hence, it is necessary to propose a test method that can accept any reasonable initial assumption and refine it in the light of information then gathered. A suitable procedure is described later.
The calculation method for the processing of the information in such an uncertain environment, where there may be insufficient information or redundant information and the number of tests is not known in advance, and where some tests may be found inappropriate, needs to be very flexible and robust. Such a method is described below and has been called a comprehensive calculation method (CCM).
A CALCULATION PROCEDURE (CCM)
It is known that calculation of the oil film forces is easy if the displacements/velocities and the dynamic oil film model and its coefficients are known, and these calculations form part of the method. However, the calculations in this method relate to assumed values that are then iterated to give the best fit with the input data. When dynamic oil film coefficients are to be determined, a trial dynamic oil film model and a set of oil film coefficients are proposed. The method can also be used to predict the orbits from the known excitations and the oil film models, when the trial displacement records are proposed. In each case, a series of force balances is set up and the solution giving the best overall agreement is sought. The force balances are conveniently conducted at regular intervals round a cycle of the excitation for each excitation (shake test) in turn, which compares the waveforms. Although the basic CCM ends with the identification of the model for the declared input parameters, the validity of the input information should always be reassessed at this stage.
Although the calculation modules for oil film model identification and orbit prediction are identical, they are used a little differently; hence, the applications are described separately.
Identification of an oil film model
The calculation procedure for this application is summarized in Fig. 1 . Further detail is given in the next section. Fig. 1 The calculation procedure for oil film model identification
Input data for an oil film model identification
In the identification of a dynamic oil film model, it is necessary to specify the form of the model, and any of the models described in section 2 might be appropriate. Generally, a larger number of coefficients give a greater range of validity of the model. At the beginning of an experimental investigation, it may not be obvious which model is the most appropriate; hence, the calculations should be set up so that any reasonable model can be used and the initial model changed if it is necessary, as indicated by the results obtained. Unless better values are known, the initial values of the oil-film coefficients should be set to zero.
In the declaration of the test waveforms, it is most important that the Fourier series used to describe them contain the zero-order terms. These affect the least-squares solution and must not be omitted. The zero-order terms are not important in a linear system; hence, it is not usual to consider them and it may be necessary to upgrade a measurement system previously used only for linear investigations. It is possible (but strongly deprecated) to omit measurements of the zero-order terms, and include the trial values in the least squares fitting process. Simulations of this method show that the solution is much more sensitive to errors, such as noise on the signals, than when the zero-order terms are given.
The number of terms included in the Fourier series depends on the test signals; the aim is to strike a balance between reasonable reproduction of the underlying signal, but without including too much system noise. It is probably reasonable to use harmonics up to about order-6 in most cases, but a greater number (perhaps 12) may improve the accuracy. The calculation method should be set up so that the higher number of harmonics could be accommodated, even if not normally used.
The number of tests depends on the order of the model to be identified and the amount of significant information arising from each test. It is known that four linear coefficients can be identified in a single test with single-frequency sinusoidal excitation under the linear conditions. These first-order coefficients are identified from the first-order displacement terms and it seems reasonable to suppose that four secondorder coefficients could also be identified from the second-order displacement terms if these are present. In a similar way, it might be expected that four thirdorder coefficients could also be identified from the third-order displacement terms if these are present. This assumes that the displacements are sinusoidal, which really are not, and that force and displacement are interchangeable, which really are not. In reality, the displacements are non-sinusoidal, and this allows more information to be extracted than for sinusoidal displacements. However, the components of the signals containing this information are small compared with the lower-frequency components; hence, measurement is difficult. It seems that four preliminary tests might give a good indication of what further tests are needed.
Calculations on the input data
The first calculation is the derivation of the Fourier series for velocity from the displacement series for each shake test, using the method described below. It is assumed that the values in these calculations are non-dimensional, though the procedure is similar if dimensional values are used. In the non-dimensional Fourier series for one of the displacements, consider the terms of order-k. Suppose that they are
Then, the dimensional displacement is
The dimensional velocity is given by
Let the corresponding terms in the non-dimensional Fourier series for velocity be
Then, the dimensional velocity is
Equating the terms either in cos(kωt) or in sin(kωt) in equations (3) and (5) gives
As k and (ω/ ) and the Fourier series coefficients for each displacement are known, the Fourier series for the velocity is easily calculated. At this instant, the force balance calculations are performed, step by step. There must be more than twice as many steps as the highest order of the displacement Fourier series to avoid the loss of information and/or aliasing, but it may be preferable to use considerably more, to give smoother output orbits.
At each step, the current values of x, y,ẋ,ẏ, are calculated from the displacement and velocity Fourier series. These are used in conjunction with the assumed oil film model and the current value of the coefficients to calculate the current force. For the purposes of this description, it is assumed that a 36-coefficient oil-film model has been proposed. The force equations are
The measured oil-film forces are derived from the Fourier series specified in the excitation specification and the calculated and measured forces compared. The difference (force balance error) is recorded for each force. The sum of error 2 for this test is calculated. This procedure is repeated for all the shake tests and error 2 for them are calculated. A suitable solution procedure is now used (a quasiNewton method in the development version). The target variable to be reduced is error 2 of all the tests and the items to be iterated are the oil-film model coefficients. Some may prefer to write their own procedures [10] [11] [12] . If a solution with sufficiently low error is obtained, it is adopted; otherwise, changes have to be made to the input data, as discussed in section 7.
Orbit prediction
The processes in this calculation are the same as for oil-film coefficient identification, but the data used are different. The procedure is outlined in Fig. 2 . The prediction of an orbit requires only one set of force balance calculations.
APPLICATION OF THE CCM TO THEORETICAL RESULTS
The first application of the CCM was to predict the orbits, using the 28-coefficient model given by Bannister [7] . It was intended to use these orbits as substitutes for new experimental measurements taken at excitations large enough to cause non-linear conditions.
Fig. 2 The calculation procedure for orbit prediction
There were several matters of interest. The first was to assess the errors arising in the first-order oil film coefficients in extractions by conventional methods. The second was to assess the number and nature of shake tests needed to give the acceptable predictions of the known first and second-order dynamic oil film coefficients and what accuracy could be expected. The third was to assess how sensitive these coefficient identifications are to noise. Orbits were generated for a large number of combinations of running conditions (defined by eccentricity ratio), excitation types, excitation frequency ratios, and excitation levels. It was observed that the Fourier series for displacements contained a zeroorder (constant) term and an infinite number of harmonics, though the oil film model was only secondorder. The higher-order harmonics decreased in size quite quickly with the order, and were generally insignificant above order-6. However, the calculations used harmonics up to order-12, to avoid truncation errors.
The linear models were identified by conventional methods, and the second-order models were identified with the CCM. The identification errors in the linear model increased with excitation level and the detail depended on the other variables. The second-order model gave very good identifications at lower excitation levels, but dramatically increased the errors at higher excitation levels. This seemed counterintuitive, as it was expected that the second-order oil film coefficients were better identified at higher excitations.
It was found that the high error results were all associated with orbits in which the residual error in the generation process was more than ∼0.1 per cent of the excitation force. It was concluded that this indicated the limit of the range over which it was possible to find a valid solution to the force equation when Fx, and Fy are given. The typical values are given in Table 1 .
As this range was somewhat limited, an attempt was made to increase the range of validity of the oil-film model by addition of higher-order terms. The higherorder terms were not known, but it was speculated that provisional dynamic third-order oil film coefficients could be included in the model and iterated along with the orbit coefficients to find the least squares solution. At lower excitations, the results were the same as previously obtained with the 28-coefficient oil-film model, but at higher excitations, the force balance errors were dramatically reduced up to several orders of magnitude, to ∼0.1 per cent of the excitation force. However, it was found that this was not a complete solution to the problem; hence, the restriction of the 28-coefficient model range had to be accepted.
All the above comments refer to the calculation of (x, y) from (Fx, Fy), and do not include the possibility that the oil film model might not reflect the real life very well. It was assumed that this did not apply in this case, as the model had been compared with the experimental results and declared satisfactory. It was concluded that it would be necessary to accept the rather limited range of validity of the 28-coefficient model for orbit generation, but within that range, the results should be valid.
The number of shake test results that needed to give an acceptable accuracy of extraction of the 28 coefficients was assessed by using the test conditions shown in Table 1 . It was expected that they were of optimum values for oil-film coefficient identification. It was found that any single orbit and its associated excitation did not allow the extraction of the All values are non-dimensional. Eccentricity ratio = 0.6, excitation ω/ = 1. Orbit size is (maximum displacement)/c. 28 coefficients, which was not surprising as the orbit was specified by 25 Fourier series terms in this example. The two orbits allowed a good identification, the four orbits allowed even better identification, especially in the second-order terms, whereas the six orbits gave essentially zero errors. The results are shown in more detail in Table 2 . The sensitivity of model identification to noise was assessed by the perturbation of each term in the Fourier series representing the excitations and responses by random amounts up to 1 per cent of the value of the term. This was done several times and the results averaged. The results are shown in Table 3 .
It is not yet known what a reasonable estimate of noise would be; the level should be much <1 per cent assumed if suitable care is taken in signal acquisition and processing. The number of shake tests needed to extract a given order of oil film model depends on the accuracy with which the waveforms can be identified, and the amount of information in the waveforms, which depends on the level and type of excitation. It seems reasonable to assume that the four tests should normally be sufficient to identify a second-order oil film model, though fewer might be sufficient under ideal conditions. More might be needed if there is much noise compared with the information. The error in identification of oil film coefficients is characterized as the rms value of the set of differences divided by the rms values of the set of coefficients.
No numerical values for the effect of neglect of nonlinearity on extraction of the linear coefficients by conventional methods were presented earlier, due to uncertainty of their validity. It is now known where the limits of validity lie. To compare different experimental techniques, an assessment was made at an orbit size of 5 per cent of bearing clearance, as this is within the range of validity of all the excitations shown in Table 1 and is also non-small (above the 2 per cent limit for the linearity suggested earlier). The excitation force needed in the Y shake was 0.15 W, which was considered more than what an experimenter would use in Error reported as (rms value of the set of errors)/(rms value of the set of coefficients).
the circumstances; hence, it was reduced to 0.1, giving an orbit size of 3.3%c for this test only. The results are shown in Table 4 . None of the errors is very large under these conditions, but increases at higher excitation levels. The (Fx, Fy) shake test method gave the lowest errors, hence is to be preferred. It is possible to use a 28-coefficient extraction, perhaps with six shake tests, and only present the eight linear coefficients. This offers very high accuracy in the absence of noise, but it is currently not known whether this is realistic. An adequate accuracy can be obtained by a conventional (Fx, Fy) test at low excitation levels (better than 0.1 per cent error due to the non-linearity at an orbit size of under 2%c). It is useful for future investigators to compare the experimental results from the two methods.
APPLICATION OF THE CCM TO EXISTING EXPERIMENTAL RESULTS
The experimental results employed for this CCM application had been obtained by Rowan [13] . The results seemed interesting in that the displacements contained significant amounts of harmonics, possibly allowing the identification of higher-order oil film coefficients from the tests originally aimed at determining the linear oil film coefficients. It was known that this might not be very satisfactory, as the tests had not been made with this application in mind, but it seemed valuable to assess what problems might arise in an experimental identification of higher-order oil film coefficients by this new method. The linear dynamic oil film coefficients had been obtained by one of the variants of the method of selected orbits [14] . A figure-of-eight orbit is set up with its crossover at approximately right angles and reasonably close to the static running position. This is achieved by suitable use of both actuators at once, the one excited at twice the frequency of the other. Prior to this dynamic test, the oil film stiffness coefficients are determined statically by the method of incremental loading. The region of the crossover is studied, obtaining the crossover point, and the directions of the arms of the orbit at the crossover point. The velocities at the crossover are also obtained for each arm. The force record is known and the results are related to give the linearized oil film velocity coefficients. This allows the determination of the four velocity coefficients in one test.
There were no different types of shake tests done at any given running conditions, since the method allowed the extraction of the linear oil film velocity coefficients with only one dynamic test (the stiffness coefficients are measured in a static test). However, some tests were repeated with different combinations of synchronous and twice synchronous approximately sinusoidal excitations. A suitable pair of results was selected.
The first task was to represent the time histories as Fourier series. At this stage, it was not known how many terms would be appropriate, so various orders of series were calculated with the CCM and compared with the raw data. It is always necessary to strike a balance between too few terms in the series, when the general shape is incorrect, and too many, when the detail, which may be due to noise followed too closely. In this example, it was found that a Fourier series to order (2ωt) did not follow the measured points adequately, whereas a series to order (4ωt) was almost adequate. This is shown in Fig. 3 .
It was found that series to order (6ωt) upwards to order (12ωt) gave good fits to the general shape, without following noise irregularities. The fits were very close in shape and gave similar fit errors, which indicated the noise levels. A fit to order (12ωt) for the same data used in Fig. 3 is shown in Fig. 4 . (Bearing clearance is 31.5 μm). This fitted data were used in the ensuing model identification process. The force record showed less scatter and a lower harmonic content.
The CCM was used in coefficient extraction mode with the two shake test result sets, one with the dynamic force in the horizontal (h) direction at twice the frequency of the dynamic force in the vertical (v) force, the other with the frequencies reversed. Both the results were at approximately the same force level. On running the CCM, with oil film models of varying complexity, it was found that the force balance errors were very large, sometimes half or even more of the excitation forces. This is known to indicate a problem, as force balances should be much better than 1 per cent if the results are to be reliable. Additionally, the 36-coefficient model indicated a large force contribution from the third-order oil film coefficients.
All this indicated that the excitation levels were too high for a 28-coefficient model to cope, and a higherorder oil film model would be needed to obtain a sufficient range of validity. However, a higher-order model would need many more shake tests than were available for its identification. This, of course, means that the linear coefficients declared at the time of the tests have a very restricted applicability. This is Fig. 5 , where an orbit predicted from the declared coefficients for the known excitation is compared with the observed orbit.
This comparison of orbits clearly shows that the predicted orbit is not a good replica of the experimental data. This indicates that a more complete oil film model is needed. However, this comparison illustrates a powerful method of validating whether the assumption of linearity so often made is correct, when the orbits should be essentially identical. This is a general result and deserves to be widely known and used.
THE MEASUREMENT OF THE DYNAMIC PROPERTIES OF A JOURNAL BEARING IN THE NON-LINEAR REGION
The test arrangements and the shake tests themselves are very similar to those normally used for linear identifications, except that the test waveforms are described as Fourier series (including the zero-order terms), instead of only the fundamental terms. As the zero-order (constant) terms and the harmonics normally are quite a small proportion of the signal, and these identify the higher-order coefficients, it is most Fig. 5 Comparison of the predicted and observed orbits important that the dynamic results are of high accuracy. Some of the precautions needed are described in references [15] and [16] . The amount of information needed to identify a higher-order model is much greater than that needed for a linear model, and it is not possible to predict how much relevant information there may be in a given shake test; hence, it is not possible to predict in detail what test series are appropriate. It is, therefore, proposed that the test series is progressed in the light of the test results already obtained.
It is envisaged that the operator runs the calculations while the bearing rig is still running at the target conditions, so that alternative, additional, or repeat dynamic tests can be run as required. The method is interactive, and the operator has various choices as the coefficient identification proceeds. The first choice for the operator is the oil film model. The method can use any reasonable oil film model and this example assumes that the operator has decided on a 36-coefficient model, as being a reasonable compromise between the range of validity and amount of information required for its identification.
An initial set of shake tests is conducted. It is probably reasonable to use the six excitations shown in Table 1 , though the excitation frequency must be chosen so that significant spectral lines in the shake response spectrum do not coincide with significant lines in the shaft signature or any other noise source. If coincidence occurs, the shake response spectrum will be incorrectly identified, leading to errors. It is not necessary that the same excitation frequency is used for all the shake tests; hence, this can be adjusted as required to avoid the problem. The excitation frequency ratio is found normally between ∼0.5 and 1.
When the initial shake tests have been completed, the results are reviewed, most easily by using the CCM to extract the dynamic oil film coefficients and give the force fit errors. If all the force fit errors are small (possibly significantly <1 per cent of the excitation level) the results may be considered acceptable as they stand. As confirmation, the CCM may be used in the orbitgenerating mode, and predicted and observed orbits may be compared.
If some or all of the force balance errors are too large, it may be useful to calculate the forces associated with the highest-order terms. If these forces are too large compared with the excitation force (perhaps over 50 per cent), the test concerned should be rerun at a reduced excitation level and the results should be substituted for the originals. If the forces are zero, these coefficients are not exercised; hence, the test level should be increased. This process should be repeated until the force balance errors are small enough and the higher-order forces non-zero. As a final check, the redundant tests should be run, possibly with different frequency ratios and/or excitation types, to give a set of results with more than six shake tests. These should not alter the values of the observed oil film coefficients. Other strategies will probably be developed as more workers seek to identify higher-order oil film models.
DISCUSSION
The measurement of the linear dynamic properties of a journal bearing is widely perceived as being rather prone to scatter and variance of the results, though it has been shown elsewhere [15, 16] that this need not be accordingly. It has also been generally considered that taking non-linearity into account compounds the problems so much that only a very few workers have ventured into this field. This article has shown that this is an unnecessarily pessimistic view, and the nonlinearity can be tackled in a straightforward manner.
For many purposes, such as predicting response to unbalance and stability boundaries in reasonably well-balanced turbo-machinery, the linear dynamic oil film models are acceptable as long as the oil film coefficients have been identified under suitable excitation conditions. An earlier difficulty was in demonstrating that the test excitations were small enough for a linear model to be valid. It is now easily checked by the use of the CCM (whatever the original method of identifying the coefficients) and the comparison of the predicted and observed responses to the excitations, preferably by comparing the orbits. The data must contain all the components of the test signals, not just the fundamental components. It is then immediately obvious whether a linear model is adequate. An example is shown in Fig. 5 . It is hoped that many workers claiming the linearity will make this check as a routine part of the investigation.
At higher levels of excitation, where the nonlinearity starts to matter, the waveforms become nonsinusoidal. As the waveforms are normally repetitive, it is possible to represent them by Fourier series. Under an excitation by higher-level sinusoidal forces, it has been found that the value of the coefficient associated with the fundamental frequency is no longer the same as the coefficient associated with the linear term in the underlying oil-film equation, which is why the linear oil film coefficient extraction methods give errors at the higher excitation levels.
The novel calculation method described in this article accepts these Fourier series and permits the correct identification of the dynamic oil film coefficients. The method relates to the excitations, responses, and oil film model through a series of force balances, and can use any two to predict the third.
The initial application of the CCM to the prediction of orbits from the given dynamic oil film coefficients and specified excitations demonstrated that this is easy within the range of validity of the oil film model, but not possible outside this range. However, it is not immediately obvious what the range of validity of the model might be, as it is not a constant. The range of validity in orbit-generation might be limited by the mathematical constraints in the model equation. There is no corresponding problem when the CCM is used for the oil film coefficient identification, or when the orbits are predicted from the linear oil film model coefficients.
It has been found that the range of validity of the second-order oil film model is much less than that might be expected, <10%c for a typical example, which many will regard (incorrectly) as being in the linear range. However, the range of validity depends greatly on the detail of the excitation, and needs to be assessed for individual cases.
The experimental identification of higher-order dynamic oil film coefficients by the new method uses experimental equipment and techniques very similar to those already widely used; hence, many workers could enter this field. The identification of a higherorder dynamic oil film model needs more than two shake tests, but the shake tests themselves can be similar to the conventional tests, though at a higher excitation level. The only significant difference in signal acquisition and processing is that the test signals are represented as a Fourier series, including the zero-order terms, instead of just the fundamental component.
It has been observed that the use of sinusoidal force excitation, giving non-sinusoidal responses, although convenient and conventional, has some disadvantages. The most serious is that some of the harmonics of the displacement (an infinite series) might coincide/nearly coincide with the harmonics of the shaft signature, leading to errors in identifying the displacement series. This can be overcome by choice of excitation frequency for the lower spectral lines, but this might need fine tuning for higher spectral lines. The second is that it is not obvious what levels of excitations should be used for the tests since the harmonics in the responses do not directly indicate how much non-linearity is present. This leads to the need for iterative extractions, which might result in some of the initial tests being found unsuitable, and need abandonment.
Both these problems may be avoided by the use of non-sinusoidal force excitations, which are chosen to give substantially sinusoidal responses. Under sinusoidal responses, the harmonics in the forces extend only to the order of the non-linearity excited, which for an acceptable model size will not exceed the thirdorder. Assuming that the required excitations can be set up in a timely manner, this should give a very convenient and robust experimental technique.
It is hoped that this article will encourage the workers using the linear models to check that the assumption of linearity is valid by comparing the predicted and observed orbits, and that some workers may be emboldened to consider the non-linear dynamic oil film models.
